Epidermal growth factor (EGF) is a potent mitogen for mesangial cells. The mechanism by which EGF induces DNA synthesis is not precisely understood. We investigated the role of phosphatidylinositol (PI) 3 kinase in regulating mitogenesis. EGF increased PI 3 kinase activity resulting in stimulation of PDK-1 and Akt kinase activities.
INTRODUCTION
. Experiments were carried out 24 hours post infection. 100 ng/ml EGF was used for all experiments.
DNA synthesis: DNA synthesis was determined as incorporation of 3 H-thymidine into trichloroacetic acid-insoluble material as described (17, 19, 23, 24) . First the time course of EGF-induced DNA synthesis was established and compared with that in response to PDGF (Supplemental Fig. S1A and S1B). It is obvious that time course of DNA synthesis is significantly similar initiating at 12 hours and sustained till 24 hours after growth factor stimulation. For the present study, we used 20 hours of EGF stimulation to determine the incorporation of 3 H-thymidine. For all experiments absolute values of 3 H-thymidine incorporation are shown. Variation in 3 H-thymidine incorporation among different experiments may be due to change in specific activity of the radiolabel.
Immunoprecipitation and immunoblotting:
Cells were lysed in cold radioimmune precipitation buffer for 30 minutes at 4 o C. Lysates were centrifuged at 10,000xg for 30 minutes at 4 o C. Protein concentrations were determined in the cleared lysates using BioRad protein reagent. Equal amounts of protein were immunoprecipitated with indicated antibody as described (17-23). Immunoblotting of the cell lysate was carried out with indicated antibody essentially as described (20, 23, 25, 33) .
PI 3 kinase assay:
Cleared cell lysates were immunoprecipitated with antiphosphotyrosine antibody. The immunoprecipitates were used for immunecomplex kinase assay using PI as described before (17, 21, 24) . Briefly, the anti-phosphotyrosine immunoprecipitates were resuspended in PI 3 kinase assay buffer (20 mM Tris.HCl, pH 7.5, 0.1 M NaCl and 0.5 mM EGTA) containing PI. The reaction mix was incubated at 25 o C for 10 minutes. MgCl 2 and 10 µCi of γ 32 P-ATP were added simultaneously to the reaction mixture and incubated at 25 o C for 10 more minutes. The reaction was stopped with a mixture of chroloform/methanol/11.6 N HCl (50:100:1). The reaction was extracted with chloroform to isolate the organic layer that was washed with methanol/ 1 N HCl (1:1). The reaction product was dried and resuspended in chloroform and separated by thin layer chromatography using chloroform/methanol/28% ammonium hydroxide/water (129:114:15:21). The PI 3-P spot was visualized by autoradiography.
Akt kinase assay:
The assay was performed essentially as described (23, 25) . Briefly, equal amounts of protein were immunoprecipitated with Akt antibody. The immunebeads were resuspended in Akt kinase assay buffer (50 mM Tris.HCl, pH 7.4, 10 mM MgCl 2 , 0.5 mM DTT, 0.5 mM Na 3 VO 4 and 5 mM ATP). Histone H2B was used as substrate in the presence of 10 µCi of γ 32 P-ATP. Phosphorylated H2B was separated by SDS gel electrophoresis and visualized by autoradiography.
Transient transfection and luciferase assay:
The reporter in which firefly luciferase gene is driven by either c-fos promoter or five copies of GAL-4 DNA element and indicated plasmids were cotransfected into mesangial cells with a Renilla luciferase plasmid using lipofectamine plus reagent as described (18, 19, 22, 23) . Luciferase activity was measured using the dual luciferase assay kit as suggested by the vendor. The data were plotted as mean luciferase activity per µg protein as arbitrary units ± SEM.
Data analysis:
The significance of the data was determined by ANOVA followed by Student-Newman-Keuls analysis.
RESULTS

Tyrosine phosphorylation is necessary for EGF-induced DNA synthesis:
We and others have shown previously that EGF is a mitogen for mesangial cells (18,35). For biological activity of EGF, its receptor tyrosine kinase activity is necessary. However, in fibroblasts mutational analysis of the receptor in which all five tyrosine residues, that undergoes autophosphorylation, were changed to phenylalanine, revealed that this mutant receptor is capable of inducing DNA synthesis (10). This observation questions the necessity for tyrosine phosphorylation of the receptor for mitogenesis (10). To determine the requirement of the EGFR tyrosine kinase activity for DNA synthesis in mesangial cells,
we examined the effect of EGF on tyrosine phosphorylation. EGF increased tyrosine phosphorylation of proteins, including the 170 kD EGFR, in a time-dependent manner (Fig. 1A) . To determine the requirement of EGFR tyrosine kinase activity for DNA synthesis, we employed AG1478, a specific EGFR tyrosine kinase inhibitor. AG1478
inhibited EGF-induced DNA synthesis in a dose-dependent manner with half-maximal inhibitory concentration of 70 nM (Fig. 1B) . At 100 nM concentration, AG1478
completely blocked EGF-induced DNA synthesis. This concentration of AG1478 also abolished EGFR tyrosine phosphorylation (data not shown). These data indicate that EGFR tyrosine kinase activity is essential for DNA synthesis in mesangial cells.
EGF-induced PI 3 kinase activity regulates DNA synthesis:
The role of PI 3 kinase in EGF-induced DNA synthesis is controversial (10). The mechanism of activation of PI 3 kinase requires association of p85 SH2 domains with the autophosphorylated tyrosine kinase receptors. Since EGFR does not contain the consensus Y-X-X-M-motif that binds SH2 domains of p85 subunit of PI 3 kinase, the kinase may be recruited to the tyrosine phosphorylated EGFR by other adaptor proteins. These adaptors directly interact with the receptor, thus recruiting the lipid kinase in a signaling complex (45). To examine activation of PI 3 kinase in response to EGF in a signaling complex, anti-phosphotyrosine immunoprecipitates were employed in an immunecomplex kinase assay. EGF increased PI 3 kinase activity within 5 minutes, which was sustained for 15 minutes ( Fig. 2A) . To examine the involvement of PI 3 kinase in DNA synthesis, mesangial cells were incubated with different concentrations of Ly294002 followed by treatment with EGF.
EGF-induced DNA synthesis was significantly inhibited by Ly294002 in a dosedependent manner, with a half maximal inhibitory concentration of 6.0 µM (Fig. 2B ).
EGF-induced PI 3 kinase activity was readily inhibited by preincubation of cells with Ly294002 (Fig. 2C , compare lane 4 with lane 2).
To confirm the above observation, we used the tumor suppressor protein PTEN, which dephosphorylates the D3 phosphate of the PI 3 kinase product PI 3,4,5-trisphosphate and results in inhibition of signaling induced by the lipid kinase. To express PTEN in mesangial cells we used an adenovirus vector, which expressed the protein in a time-dependent manner (Fig. 3A) . To examine the functional consequence of PTEN we tested its effect on activation of PDK-1, which is a direct target of PIP 3 (49). Lysates of mesangial cells incubated with EGF were immunoblotted with a phospho-PDK-1 specific antibody that recognizes only the activated form of this kinase. EGF increased PDK-1 phosphorylation in a time-dependent manner (Fig. 3B) . Expression of PTEN prevented EGF-induced activation of PDK-1, indicating that PTEN was acting as the bona fide PIP 3 phosphatase ( Fig. 3C ), which should inhibit downstream signaling of PI 3 kinase (49).
Consequently, expression of PTEN abolished EGF-induced DNA synthesis (Fig. 3D ).
These data indicate that PI 3 kinase activity is essential for EGF-induced DNA synthesis in mesangial cells. Elk-1-dependent reporter transcription (Fig. 6D) . Cotransfection of dominant negative PI 3 kinase with cMEK did not have any effect on cMEK-induced Elk-1-dependent reporter transcription (Fig. 6D) . These data conclusively demonstrate that MAPK acts d o w n s t r e a m o f P I 3 k i n a s e i n E l k -1 t r a n s a c t i v a t i o n . Transiently transfected cells were treated with Ly294002 prior to incubation with EGF.
EGF-stimulated
EGF increased transcription from c-fos promoter (Fig. 7A ). Ly294002 significantly blocked EGF-induced transcription of c-fos (Fig. 7A ). To confirm this result, we used the deletion mutant of the p85 regulatory subunit of PI 3 kinase to produce a dominant negative effect (25 controversial. In the present study, we demonstrated that EGF stimulates PI 3 kinase activity in a tyrosine phosphorylated protein fraction in mesangial cells ( Fig. 2A ).
Ly294002 inhibits EGF-induced DNA synthesis suggesting involvement of PI 3 kinase in mitogenesis (Fig. 2) . PIP 3 is the biologically active lipid product of PI 3 kinase, which activates PDK-1 and plays important role in cell proliferation. To support this notion, we demonstrated that EGF stimulated PDK-1 (Fig. 3B) . Furthermore, we provide evidence that PTEN, which is a PIP 3 phosphatase, blocks EGF-induced PDK-1 activation (Fig.   3C ).
One of the targets of PI 3 kinase and PDK-1 is the serine threonine kinase Akt Fig. 4A and 4B) . Surprisingly, the EGF-induced increase in Akt kinase activity is not necessary for DNA synthesis (Fig. 4E) (Fig. 5 D) . This observation is also confirmed by our data demonstrating that the PIP 3 phosphatase PTEN downregulates EGF-induced MAPK activity (Fig. 5E ).
Furthermore as one of the mechanisms, we found that PI 3 kinase regulates MAPK activating kinase MEK (Fig. 5F ). We demonstrated that MAPK is essential for EGF-induced DNA synthesis (Fig. 5C ).
However, a very small contribution of EGF-induced DNA synthesis seems MAPKindependent (Fig. 5C ). Now we provide evidence that PI 3 kinase also regulates mitogenesis in response to EGF.
The positive regulatory role of PI 3 kinase on MAPK indicates that PI 3 kinase should modulate transcriptional targets of MAPK necessary for the mitogenic effect of
EGF. In mammalian cells, one of the downstream targets of MAPK is the ETS domain
containing transcription factor Elk-1. We showed here that expression of dominant negative MAPK blocks EGF-induced transactivation of Elk-1 in mesangial cells (Fig.   6A ). Furthermore, our data demonstrate that PI 3 kinase, which regulates MAPK activity in mesangial cells ( Fig. 5D and 5E ), regulates Elk-1-dependent transcription of reporter genes ( Fig. 6B and 6C ). These data provide the first evidence that PI 3 kinase regulates (Fig. 6 ). In accordance with these results we show that PI 3 kinase regulates c-fos expression (Fig. 7) . It should be noted that inhibition of PI 3 kinase also attenuated the basal c-fos transcription (Fig. 7) . These results suggest that the lipid kinase also plays a 
